H I G H L I G H T S
• BclXL undergoes aggregation into amyloid-like fibrils at elevated temperature.
• Formation of such BclXL fibrils correlates with the decay of an α-helical fold into β-sheet.
• BclXL fibrils show no affinity toward BH3 ligands.
• BclXL fibrils are optimally primed for insertion into cardiolipin bicelles.
G R A P H I C A L A B S T R A C T a b s t r a c t a r t i c l e i n f o

Introduction
Embryonic development and cellular homeostasis are heavily dependent on the concerted action of Bcl2 family of proteins in what has come to be known as apoptosis [1] [2] [3] [4] [5] [6] [7] [8] . The Bcl2 proteins can be divided into three major groups with respect to their role in the regulation of apoptotic machinery: activators, effectors and repressors. Activators such as Bid and Bad belong to the BH3-only proteins, where BH3 is the Bcl2 homology 3 domain. Effectors such as Bax and Bak contain the BH3-BH1-BH2-TM modular architecture, where TM is the transmembrane domain located C-terminal to Bcl2 homology domains BH3, BH1 and BH2. Repressors such as Bcl2 and BclXL are usually characterized by the BH4-BH3-BH1-BH2-TM modular organization, with an additional N-terminal Bcl2 homology 4 domain.
How do Bcl2 proteins keep apoptosis in check? In a nutshell, the apoptotic fate, or the decision of a cell to live or die, is determined by the cellular ratio of activator, effector and repressor molecules [9, 10] . In quiescent and healthy cells, the effectors are maintained in an inactive state via complexation with repressors. Upon receiving apoptotic cues, in the form of DNA damage and cellular stress, the activators are stimulated and compete with effectors for binding to the repressors and, in so doing, not only do they neutralize the anti-apoptotic action of repressors but also unleash the pro-apoptogenicity of effectors. The effectors subsequently initiate apoptotic cell death by virtue of their ability to insert into the mitochondrial outer membrane (MOM) resulting in the formation of mitochondrial pores in a manner akin to the insertion of bacterial toxins such as colicins and diphtheria [11] [12] [13] [14] [15] . This leads to the release of apoptogenic factors such as cytochrome c and Smac/Diablo from mitochondria into the cytosol. Subsequently, rising levels of apoptogenic factors in the cytosol switch on aspartate-specific proteases termed caspases, which in turn, demolish the cellular architecture by cleavage of proteins culminating in total cellular destruction.
While there is a general consensus that hetero-association between various members of the Bcl2 family represents a defining event in the decision of a cell to live or die, the biophysical basis of such protein-protein interactions remains hitherto poorly characterized and, in particular, our limited knowledge on the ability of Bcl2 proteins to undergo homo-association into higher-order oligomers and aggregates leaves much to be desired in our quest to further our understanding of apoptosis at molecular level. Toward this goal, our previous studies have shown that BclXL apoptotic repressor bears the propensity to associate into megadalton oligomers in solution, particularly under acidic pH, and that such aggregation is largely mediated by the C-terminal transmembrane (TM) domain [16, 17] . Importantly, a truncated construct of BclXL lacking the C-terminal TM domain, was recently shown to form amyloid-like fibrils under elevated temperatures [18] . This salient observation invokes a key role of thermal energy in driving the aggregation of BclXL. In an effort to further explore the effect of elevated temperature, we have conducted here detailed biophysical analysis on the propensity of full-length BclXL, harboring the C-terminal TM domain, to undergo oligomerization. It is important to note here that temperature is one of the key physical factors that governs the ability of many proteins to associate into higher-order oligomers. Additionally, elevated temperature should also serve as a mimicry for cellular stress and thus may shed light on how cellular homeostasis may regulate the oligomerization of this key apoptotic regulator.
Materials and methods
Sample preparation
Full-length human BclXL (residues 1-233) was cloned into pET30 bacterial expression vector with an N-terminal His-tag using Novagen LIC technology, expressed in Escherichia coli BL21*(DE3) bacterial strain (Invitrogen) and purified on a Ni-NTA affinity column using standard procedures as described previously [16, 17] . Protein concentration was determined by the fluorescence-based Quant-It assay (Invitrogen) and spectrophotometrically on the basis of an extinction coefficient of 47,440 M −1 cm −1 calculated for the full-length BclXL using the online software ProtParam at ExPasy Server [19] . Results from both methods were in an excellent agreement. The 20-mer peptide spanning residues 81-100 corresponding to the BH3 domain within human Bid (H 2 N-DIIRNIARHLAQVGDSMDRS-COOH), herein referred to as Bid_BH3, was commercially obtained from GenScript Corporation. The peptide concentration was measured gravimetrically. Mixed TOCL/ DHPC bicelles were prepared at a final concentration of 30 mM, at TOCL to DHPC molar ratio of 1:4, by stirring for 2 h at 37°C. For biophysical experiments described below, all protein, peptide and bicelle samples were prepared in 50 mM Sodium phosphate buffer containing 100 mM NaCl (except for CD measurements) at pH 8.0. Except for transient measurements, samples of BclXL were pre-incubated overnight at various temperatures ranging from 20°C to 80°C prior to each experiment. All measurements were repeated at least three times.
Molecular modeling
Molecular modeling (MM) was employed to build a domainswapped structural model of BclXL homodimer, herein referred to as BclXL_transTM, using the MODELLER software [20, 21] . Briefly, in the BclXL_transTM structural model, the TM domain of one monomer occupies the canonical hydrophobic groove within the other monomer and vice versa in a domain-swapped trans-fashion as described earlier [16, 17] . The structural model was rendered using RIBBONS [22] .
Molecular dynamics
Molecular dynamics (MD) simulations were performed with the GROMACS software [23, 24] using the integrated OPLS-AA force field [25, 26] . Briefly, the BclXL_transTM structural model was centered within a cubic box, hydrated using the extended simple point charge (SPC/E) water model [27, 28] , and the ionic strength of solution was set to 100 mM with NaCl. The hydrated structure was energy-minimized with the steepest descent algorithm prior to equilibration under the NPT ensemble conditions, wherein the number of atoms (N), pressure (P) and temperature (T) within the system were kept constant. The Particle-Mesh Ewald (PME) method was employed to compute long-range electrostatic interactions with a 10 Å cut-off [29] and the Linear Constraint Solver (LINCS) algorithm to restrain bond lengths [30] . All MD simulations were performed under periodic boundary conditions (PBC) at 20°C, 40°C, 60°C and 80°C using the leap-frog integrator with a time step of 2 fs. For the final MD production runs, data were collected every 100 ps over a time scale of 100 ns. All simulations were run on a Linux workstation using parallel processors at the High Performance Computing facility within the Center for Computational Science of the University of Miami.
Analytical light scattering
Analytical light scattering (ALS) experiments were conducted on a Wyatt miniDAWN TREOS triple-angle static light scattering detector and Wyatt QELS dynamic light scattering detector coupled in-line with a Wyatt Optilab rEX differential refractive index detector and interfaced to a Hiload Superdex 200 size-exclusion chromatography column under the control of a GE Akta FPLC system within a chromatography refrigerator at 10°C. Briefly, pre-heated samples of 10 μM BclXL at various temperatures ranging from 20°C to 80°C were loaded onto the column at a flow rate of 1 ml/min and the data were automatically acquired using the ASTRA software. The angular-and concentrationdependence of static light scattering (SLS) intensity of BclXL resolved in the flow mode was measured by the Wyatt miniDAWN TREOS detector equipped with three scattering angles positioned at 42°, 90°and 138°. The time-and concentration-dependence of dynamic light scattering (DLS) intensity fluctuation of BclXL resolved in the flow mode was measured by the Wyatt QELS detector positioned at 90°w ith respect to the incident laser beam. Hydrodynamic parameters M w (weighted-average molar mass), M n (number-average molar mass), R g (weighted-average radius of gyration) and R h (weightedaverage hydrodynamic radius) associated with solution behavior of BclXL were determined by the treatment of SLS data to Zimm model and by non-linear least-squares fit of DLS data to an autocorrelation function as described earlier [16, 17] . It should be noted that, in both the SLS and DLS measurements, protein concentration (c) along the elution profile of BclXL was automatically quantified in the ASTRA software from the change in refractive index (Δn) with respect to the solvent as measured by the Wyatt Optilab rEX detector using the following relationship:
where dn/dc is the refractive index increment of the protein in solution.
Circular dichroism
Circular dichroism (CD) measurements were conducted on a thermostatically-controlled Jasco J-815 spectrometer at 25°C. For far-UV steady-state measurements, experiments were conducted on pre-heated samples of 10 μM BclXL alone, pre-equilibrated with 100 μM Bid_BH3 peptide, or pre-equilibrated with 2 mM TOCL/DHPC bicelles at various temperatures ranging from 20°C to 80°C and data were collected using a quartz cuvette with a 2-mm pathlength in the 195-255 nm wavelength range. For near-UV steady-state measurements, experiments were conducted on pre-heated samples of 50 μM BclXL alone at various temperatures ranging from 20°C to 80°C and data were collected using a quartz cuvette with a 10-mm pathlength in the 255-315 nm wavelength range. In each case, a slit bandwidth of 2 nm was used and data were recorded at a scan rate of 10 nm/min. All spectral data were normalized against reference spectra to remove the background contribution of buffer. Each spectral data set represents an average of four scans acquired at 0.1 nm intervals. All data were converted to mean ellipticity, [θ] , as a function of wavelength (λ) of electromagnetic radiation using the equation:
where Δθ is the observed ellipticity in mdeg, c is the protein concentration in μM and l is the cuvette pathlength in cm. For far-UV transient measurements, freshly purified samples of 10 μM BclXL alone, preequilibrated with 100 μM Bid_BH3 peptide, or pre-equilibrated with 1 mM TOCL/DHPC bicelles at 20°C were placed in a quartz cuvette with a 2-mm pathlength and the change in spectral intensity at 222 nm, [θ] 222 , was monitored over three consecutive temperature steps (herein denoted Steps I-III) as a function of time for 90 min: in
Step I, the temperature was ramped up from 20°C to 80°C at a ramp rate of 2°C/min over the time period 0-30 min; in Step II, the temperature was held constant at 80°C over the time period 31-60 min; in
Step III, the temperature was ramped down from 80°C to 20°C at a ramp rate of 2°C/min over the time period 61-90 min.
Steady-state fluorescence
Steady-state fluorescence (SSF) spectra were collected on a thermostatically-controlled Jasco FP-6300 spectrofluorimeter using a quartz cuvette with a 10-mm pathlength at 25°C. Briefly, experiments were conducted on pre-heated samples of 10 μM BclXL preequilibrated with 100 μM ANS, 10 μM BclXL pre-equilibrated with 10 μM ThT, 10 μM BclXL pre-equilibrated with 10 μM ThT and 100 μM Myr, or 10 μM lysozyme pre-equilibrated with 10 μM ThT (as a positive control) at various temperatures ranging from 20°C to 80°C. For ANS fluorescence, the excitation wavelength was 375 nm and emission was acquired over the 400-700 nm wavelength range. For ThT fluorescence, the excitation wavelength was 420 nm and emission was acquired over the 430-650 nm wavelength range. All data were recorded using a 2.5-nm bandwidth for both excitation and emission. Data were normalized against reference spectra to remove background contribution of protein and buffer. Fluorescence enhancement (E) of ANS or ThT in the presence of BclXL at each incubation temperature was calculated from the following equation:
where Φ is the fluorescence yield of ANS or ThT in the presence of BclXL and Φ o is the fluorescence yield of ANS or ThT alone at corresponding incubation temperature. Fluorescence yield (Φ) is defined as the area integrated under the corresponding emission spectra.
Isothermal titration calorimetry
Isothermal titration calorimetry (ITC) experiments were performed on a Microcal VP-ITC instrument at 25°C. Briefly, experiments were conducted to probe the binding of Bid_BH3 peptide and mixed TOCL/ DHPC bicelles to pre-heated samples of 50 μM BclXL at various temperatures ranging from 20°C to 80°C. For peptide binding, experiments were initiated by injecting 25 × 10 μl aliquots of 1 mM of Bid_BH3 peptide from the syringe into the calorimetric cell containing 1.8 ml of pre-heated samples of 50 μM BclXL. For membrane insertion, experiments were initiated by injecting 25 × 10 μl aliquots of pre-heated samples of 50 μM BclXL from the syringe into the calorimetric cell containing 1.8 ml of 2 mM of TOCL/DHPC. In each case, the change in thermal power as a function of each injection was automatically recorded using the ORIGIN software and the raw data were further processed to yield binding isotherms of heat release per injection either as a function of molar ratio of peptide to BclXL or as a function of molar ratio of BclXL to bicelles. The heats of mixing and dilution were subtracted from the heats of peptide binding or membrane insertion per injection by carrying out a control experiment in which the same buffer in the calorimetric cell was either titrated against the Bid_BH3 peptide or BclXL in an identical manner. The apparent equilibrium dissociation constant (K d ) and the enthalpic change (ΔH) associated with peptide binding to BclXL or membrane insertion of BclXL were determined from the non-linear least-squares fit of data to a one-site binding model as described previously [31, 17] . The binding free energy change (ΔG) was calculated from the following expression:
where R is the universal molar gas constant (1.99 cal/K/mol) and T is the absolute temperature. The entropic contribution (TΔS) to the free energy of binding was calculated from the relationship:
where ΔH and ΔG are as defined above.
Fluorescence microscopy
Fluorescence microscopy (FM) experiments were conducted on a Leica DMI6000 microscope with 10× objective. All images were analyzed and processed using Leica LAS-AF software. Data were collected on pre-heated samples of 25 μM BclXL alone, pre-equilibrated with 250 μM Bid_BH3 peptide, or pre-equilibrated with 2 mM TOCL/DHPC bicelles at various incubation temperatures ranging from 20°C to 80°C. Prior to imaging, each sample was stained with 25 μM ThT and mounted onto a glass slide.
Results and discussion
BclXL harbors intrinsic propensity to aggregate
On the basis of previous X-ray crystallographic and molecular modeling analysis [32, 33, 16, 17] , the 3D structural topology of BclXL is characterized by a central predominantly hydrophobic α-helical hairpin "dagger" (α5 and α6) surrounded by a "cloak" comprised of six amphipathic α-helices (α1-α4 and α7-α8) of varying lengths. The so-called "canonical hydrophobic groove", that serves as the docking site for the BH3 domain of activators and effectors, is formed by the juxtaposition of α2-α5 helices. Additionally, BclXL is decorated with a C-terminal hydrophobic α-helix termed α9, or more commonly the TM domain, which is believed to facilitate localization of BclXL to MOM upon apoptotic induction [34] [35] [36] .
Importantly, we have previously shown that BclXL displays the propensity to oligomerize in solution and that such oligomerization is driven by the intermolecular binding of its C-terminal TM domain to the canonical hydrophobic groove in a domain-swapped trans-fashion [16, 17] , whereby the TM domain of one monomer occupies the canonical hydrophobic groove within the other monomer and vice versa in what we refer to as the BclXL_transTM conformation (Fig. 1a) . We further postulated that such homodimerization could in turn drive the association of BclXL into higher-order megadalton aggregates.
In light of the knowledge that a wide range of proteins share the ability to aggregate into amyloid-like fibrils under environmental stresses such as acidic pH and elevated temperatures [37] [38] [39] [40] , we also analyzed the intrinsic propensity of BclXL to aggregate into fibrils using aggregation predictors such as AMYLPRED [41] and AGGRESCAN [42] . As shown in Fig. 1b , our in silico analysis reveals that BclXL indeed harbors intrinsic propensity to aggregate and that the residues that drive such aggregation primarily reside within the BH1 (α4-α5) and TM (α9) domains. While the involvement of BH1 domain in promoting the aggregation is somewhat surprising, the role of TM domain is in full agreement with our previous studies demonstrating that its deletion abolishes the association of BclXL into larger aggregates [16, 17] .
Thermal motions appear to destabilize the structural architecture of BclXL
Our previous studies have shown that the BclXL apoptotic repressor bears the propensity to associate into megadalton aggregates in solution, particularly under acidic pH [16, 17] . To understand the extent to which elevated temperature may also contribute to such aggregation, we conducted MD simulations on the BclXL_transTM dimeric conformation over tens of nanoseconds at various temperatures (Fig. 2) . As shown in Fig. 2a , the MD trajectories reveal that while BclXL reaches structural equilibrium after about 20 ns under all temperatures, its stability is compromised under elevated temperatures. Thus, while the root mean square deviation (RMSD) of BclXL at structural equilibrium fluctuates around 8 Å at low temperatures (20°C and 40°C), it rises to around 12 Å under elevated temperatures (60°C and 80°C). This strongly argues that the poor structural stability of BclXL due to enhanced thermal motions under elevated temperatures may account for its ability to associate into higher-order aggregates.
An alternative means to assess mobility and stability of macromolecular complexes is through an assessment of the root mean square fluctuation (RMSF) of specific atoms over the course of MD simulation. Fig. 2b provides such analysis for the backbone atoms of each residue within BclXL. The RMSF analysis shows that while a majority of residues within BclXL appear to be well-ordered under all temperatures, the residues within the α1-α2 loop experience rapid fluctuations which are particularly more exaggerated at 20°C but become more widespread at 80°C. Accordingly, the change in motional properties of residues within the α1-α2 loop under elevated temperatures could trigger the association of BclXL into larger aggregates. It is noteworthy that the deletion of the α1-α2 loop in BclXL augments its anti-apoptogenicity and that the suppressive effect of α1-α2 loop is relieved by its posttranslational phosphorylation [43] . In light of this observation, we believe that the intrinsic flexibility of the α1-α2 loop may be a driving force for the aggregation of BclXL through favorable entropic contributions and that such intermolecular association most likely compromises its anti-apoptotic action. Interestingly, our in silico analysis presented , where the TM domain of one monomer (cyan) occupies the canonical hydrophobic groove within the other monomer (blue) and vice versa in a domain-swapped trans-fashion swapping as described earlier [16, 17] . (b) Plots showing the propensity of BclXL to aggregate into amyloid-like fibrils as predicted by AMYLPRED (red) and AGGRESCAN (green). Note that the BH4-BH3-BH1-BH2-TM modular architecture of BclXL is overlaid for direct correlation of aggregation propensity to specific domains within BclXL. above reveals that the major determinants of the propensity of BclXL to aggregate most likely reside within the BH1 and TM domains in lieu of the α1-α2 loop (Fig. 1b) . However, residues within the BH1 and TM domains show no observable change in their backbone dynamics in response to changes in temperature. This likely suggests that the molecular origin of factors promoting the aggregation of BclXL is highly complex and may not necessarily be governed by changes in thermal motions. Nevertheless, our MD simulations provide molecular insights into the effect of temperature on the motional properties of BclXL.
Elevated temperature shifts the equilibrium of BclXL into megadalton aggregates
To directly test the extent to which temperature may promote the association of BclXL into larger aggregates, we conducted ALS analysis on pre-heated samples of BclXL at various temperatures ranging from 20°C to 80°C and quantified physical parameters accompanying its solution behavior from the first principles of hydrodynamics without any assumptions ( Fig. 3 and Table 1 ). Our data indicate that BclXL exists in various associative conformations at 20°C, ranging from monomer (31kD) and dimer (62kD) to higher-order oligomers, herein referred to as multimer (~400kD) and polymer (~4000kD). At 40°C, the dimer and multimer conformers appear to shift in the direction of the polymeric conformation. Remarkably, under elevated temperatures (60°C and 80°C), BclXL appears to largely exist in a large aggregate that we refer to herein as megamer. This strongly suggests that elevated temperature facilitates association of BclXL into megadalton aggregates. Notably, the truncation of C-terminal TM domain completely abolished oligomerization of BclXL under low temperatures (20°C and 40°C), while only small aggregates were observed under elevated temperatures (60°C and 80°C). These observations are in general agreement with previous studies showing that a C-terminally truncated construct of BclXL forms amyloid-like fibrils under elevated temperatures [18] . However, our data presented above implicate a key role of TM domain in driving the intermolecular association of BclXL into large aggregates in agreement with our previous studies [16, 17] .
In an attempt to gain insights into the conformational heterogeneity of the oligomeric species of BclXL, we also determined the M w /M n and R g /R h ratios from our hydrodynamic data (Table 1) . It should be noted that while the M w /M n ratio provides a measure of the macromolecular polydispersity, the R g /R h ratio sheds light on the overall macromolecular shape. Our data suggest that while the higher-order oligomers (multimer and polymer) of BclXL display some degree of polydispersity (M w /M n > 1.05) under all temperatures, the monomeric and dimeric forms of BclXL are predominantly monodisperse (M w /M n b 1.05). Strikingly, BclXL not only exclusively exists as a megadalton oligomer under elevated temperatures (60°C and 80°C) but it also surprisingly appears to be highly monodisperse (M w /M n b 1.05). Additionally, the higherorder oligomers (multimer and polymer) of BclXL most likely adopt an elongated rod-like shape (R g /R h > 1.05) in lieu of a more spherical or compact structure. Consistent with these observations, the megameric species observed under elevated temperatures (60°C and 80°C) also seem to adopt an highly elongated rod-like architecture (R g /R h > 2) with a radius of gyration of~100 nm, arguing that it may bear the propensity to assemble into fibrils of up to hundreds of nm in length in a manner akin to amyloid fibrils. It should be noted that the actual size of BclXL aggregates observed under elevated temperatures is likely to be much larger due to the fact that the various hydrodynamic a b α α parameters reported here exceed the upper limit of detection of ALS.
Additionally, hydrodynamic properties of such BclXL aggregates are most likely underestimated here due to the filtration of protein samples prior to ALS analysis, implying that larger aggregates most likely never reach the ALS detectors. We also note that our ALS analysis of BclXL in the presence of TOCL/DHPC bicelles-as a model for MOM-was complicated by the fact that the scattering of light by bicelles swamped the protein signal, thereby rendering it very difficult to analyze the effect of bicelles on BclXL aggregates.
BclXL undergoes structural transition at elevated temperature
It is well-documented that many proteins that aggregate into amyloid-like fibrils adopt cross β-sheet structure combined with the loss of globular fold [44] [45] [46] [47] [48] . Thus, we wondered whether the ability of BclXL to associate into large aggregates under elevated temperatures is also coupled to such structural changes. To address this question, we carried out CD analysis on BclXL pre-heated overnight at various temperatures ranging from 20°C to 80°C (Fig. 4) . Our far-UV CD analysis shows that BclXL displays spectral features characteristic of an α-helical fold with bands centered around 208 nm and 222 nm at lower temperatures (Fig. 4a, top panel) . Remarkably, under elevated temperatures, the α-helical spectral features of BclXL disappear at the expense of appearance of a new band around 216 nm, which is characteristic of β-sheet architecture. These salient observations suggest that BclXL undergoes structural transition from a predominantly α-helical fold to a largely β-sheet conformation.
To monitor how elevated temperature affects tertiary structure of BclXL, we next conducted near-UV CD analysis in a similar manner (Fig. 4b, top panel) . Unsurprisingly, BclXL displays spectral features in the near-UV region characteristic of a well-folded globular protein with bands emanating from the chiral environment surrounding aromatic residues such as phenylalanine (258 nm), tyrosine (282 nm) and tryptophan (293 nm) at lower temperatures. Consistent with our far-UV CD analysis presented above, these bands either largely disappear or become substantially attenuated at elevated temperatures. This is evidence that BclXL aggregates lose their native tertiary structure and adopt a more fibrillar conformation that presumably lacks a well-defined tertiary structure under elevated temperatures.
Importantly, the lack of a single isosbestic point in both the far-UV and near-UV spectra recorded for BclXL at various temperatures strongly argues that the conversion of an α-helical fold into β-sheet architecture Note that the red solid lines represent non-linear least squares fit of data to an autocorrelation function as described earlier [16, 17] . All parameters were obtained from ALS measurements. The population (P) of each species, as estimated from the integration of corresponding peak in the elution profile (Fig. 3a) , is provided in the right-most column. Note that the calculated molar mass of recombinant full-length BclXL from amino acid sequence alone is 31kD. Errors were calculated from at least three independent measurements. All errors are given to one standard deviation. Note that the R g parameter could not be determined (ND) for various species due to their lack of angular-dependence of scattered light.
occurs via at least one intermediate step ( Fig. 4a and b , top panels). This view is further corroborated by the observation that the dependence of spectral intensities at 222 nm (monitoring secondary structural changes) and 282 nm (monitoring tertiary structural changes) displays multiphasic behavior with increasing temperature in lieu of a linear relationship ( Fig. 4a and b , bottom panels). Taken In the top panels, the spectra shown were recorded at 20°C (black), 30°C (red), 40°C (green), 50°C (blue), 60°C (cyan), 70°C (magenta) and 80°C (brown). In the bottom panels, the data points are connected with a solid line for clarity. The error bars were calculated from three independent measurements to one standard deviation. together, our far-UV and near-UV CD data strongly suggest that BclXL aggregates observed under elevated temperatures most likely adopt a cross β-sheet structure characteristic of amyloid-like fibrils.
BclXL undergoes distinct structural transition upon interaction with BH3 ligand and MOM mimetic
To understand how BH3 ligands and MOM mimetics modulate the extent to which the BclXL interconverts from an α-helical fold to a β-sheet conformation, we conducted far-UV CD analysis on BclXL pre-equilibrated overnight either with a 20-mer BH3 peptide derived from Bid activator (Bid_BH3) or mixed TOCL/DHPC bicelles-used here as a model for MOM-at various temperatures ranging from 20°C to 80°C (Fig. 5) . Remarkably, our analysis reveals that while BclXL adopts a predominantly α-helical fold with minima centered around 210 nm and to a lesser extent at 222 nm in the presence of Bid_BH3 peptide and TOCL/DHPC bicelles at 20°C (Fig. 5a and b) , it undergoes structural transition in which the minima around 210 nm and 222 nm are more or less preserved but experience a loss in spectral intensity at elevated temperatures. This suggests strongly that the peptide and the bicelles induce a structural transition within BclXL that is distinct from that observed for BclXL alone at elevated temperatures. We interpret such structural transition from a partial loss of α-helical fold to a coiled-coil conformation in sharp contrast to the β-sheet architecture observed for BclXL alone at elevated temperatures. Such differences in the structural transition are further highlighted by the differential changes observed in the ellipticity at 222 nm as a function of temperature for BclXL alone (Fig. 4a , bottom panel) versus those observed in the presence of Bid_BH3 peptide (Fig. 5a, bottom panel) and TOCL/DHPC bicelles (Fig. 5b, bottom  panel) . Notably, comparison of mean ellipticity at 210 nm and 222 nm for BclXL alone, BclXL pre-equilibrated with Bid_BH3 peptide, and BclXL pre-equilibrated with TOCL/DHPC bicelles overnight at 80°C further corroborates the notion that BclXL undergoes distinct structural changes at elevated temperatures depending on whether it is heated alone in solution or in the presence of its ligands (Fig. 5c ).
Aggregation of BclXL under elevated temperature represents a kinetic trap
Our steady-state CD data presented above suggest that the α-β structural transition of BclXL alone, in the presence of Bid_BH3 peptide or TOCL/DHPC bicelles at elevated temperatures overnight is an irreversible process in that the protein aggregates retain their integrity and β-sheet structure when cooled down to a temperature of 25°C (Figs. 4 and 5) . In an attempt to directly gauge the kinetics and reversibility of temperature-induced aggregates of BclXL on a shorter time scale, we next transiently monitored the far-UV CD spectral intensity at 222 nm, [θ] 222 , of BclXL alone, pre-equilibrated with Bid_BH3 peptide, or pre-equilibrated with mixed TOCL/DHPC bicelles at 20°C as a function of temperature in the 20-80°C range over a time period of 90 min (Fig. 6) .
Consistent with our far-UV CD data presented above, [θ] 222 of BclXL alone increases with increasing temperature from 20°C to 80°C (Fig. 6a) , implying that BclXL undergoes α-β transition under elevated temperatures. Importantly, [θ] 222 of BclXL alone exquisitely plateaus out as the temperature reaches a constant value of 80°C and the resulting plateau is unaffected upon the reversal of the temperature from 80°C to 20°C. This salient observation further corroborates the notion that the temperature-induced formation of BclXL aggregates is an irreversible process that results in a kinetic trap. Interestingly, when BclXL is pre-equilibrated with Bid_BH3 peptide, [θ] 222 shows no change as a function of time (Fig. 6b) (Fig. 6c) .
BclXL harbors structural features characteristics of amyloid fibrils under elevated temperature
In light of the knowledge that many proteins that aggregate into amyloid-like fibrils adopt cross β-sheet structure with exposed hydrophobic surfaces [44] [45] [46] [47] [48] , we next analyzed the ability of BclXL to aggregate under various temperatures ranging from 20°C to 80°C using fluorescent hydrophobic dyes in combination with SSF (Fig. 7) . It is well-documented that the fluorescence of hydrophobic dyes such as ANS and ThT undergoes enhancement upon binding to the canonical cross β-sheet topology and the exposed hydrophobic surfaces characteristic of amyloid-like fibrils [49] [50] [51] [52] [53] . Consistent with this notion, our analysis reveals that while ANS fluorescence undergoes nearly two-fold enhancement when BclXL is pre-heated to 80°C relative to incubation at 20°C (Fig. 7a) , ThT experiences close to an order of
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Step magnitude fluorescence enhancement (Fig. 7b) . We note that while the emission of ANS and ThT occurs maximally around 500-515 nm in water, it appears to be blue-shifted to around 475 nm upon binding to BclXL. This is further evidence for the exposure of hydrophobic surfaces in BclXL, which apparently becomes more exaggerated under elevated temperatures. Importantly, polyphenols such as Myr have been shown to destabilize amyloid fibrils [54] . We wondered whether Myr may also have a similar effect on the fibrillar aggregates observed for BclXL under elevated temperatures. Indeed, when BclXL is pre-equilibrated with ThT in the presence of Myr prior to heating at various temperatures, the fluorescence enhancement of ThT is substantially reduced under elevated temperatures (Fig. 7c) . It is also important to note that the dependence of fluorescence enhancement of ANS and ThT displays multiphasic behavior with increasing temperature in lieu of a linear trend (Fig. 7a-c , bottom panels). As noted above, this implies that the decay of a α-helical fold into β-sheet architecture occurs via at least one intermediate step upon the heating of BclXL.
To further corroborate the notion that the enhancement of hydrophobic dyes such as ThT upon binding to BclXL correlates with the formation of amyloid fibrils, we also used lysozyme as a positive control. Notably, it is widely-documented that lysozyme forms amyloid fibrils at elevated temperatures [55] [56] [57] . Consistent with this knowledge, our analysis shows that ThT experiences close to two-fold fluorescence enhancement when lysozyme is pre-heated to 80°C relative to incubation at 20°C in a manner akin to that observed for BclXL (Fig. 7d) . However, the fact that the ThT fluorescence enhancement observed for lysozyme is much less than that noted for BclXL under similar conditions suggests that BclXL fibrils are likely to be much larger in size than those of lysozyme. It is noteworthy that SSF analysis of BclXL in the presence of TOCL/DHPC bicelles was complicated by the fact that the hydrophobic dyes ANS and ThT strongly bound to the bicelles and, in so doing, swamped the fluorescence changes due to their binding to BclXL alone under various conditions. Accordingly, such binding overlap prevented us from conducting any reliable measurements on BclXL in the presence of bicelles. Nonetheless, our data presented above strongly support the credence that elevated temperatures promote the aggregation of BclXL into amyloid-like fibrils.
Aggregation compromises the binding of BclXL to BH3 ligands
During apoptosis, BclXL exerts its suppressive effect by virtue of its ability to recruit the BH3 domains of apoptotic effectors such as Bax and Bak and, in so doing, neutralizes their pro-apoptotic function [9, 10] . However, our data presented above suggest that BclXL undergoes structural transition from a largely α-helical fold into a cross β-sheet structure characteristic of amyloid-like fibrils under elevated temperatures. Accordingly, we would predict that the formation of such fibrillar aggregates is likely to be directly coupled to the loss of ligand binding to BclXL-since the above-mentioned structural transition would compromise the integrity of the canonical hydrophobic groove within BclXL required for ligand binding.
To test this hypothesis, we conducted ITC analysis for the binding of Bid_BH3 peptide to BclXL pre-incubated at various temperatures ranging from 20°C to 80°C (Fig. 8 and Table 2 ). Our data show that the binding of Bid_BH3 peptide to BclXL becomes progressively attenuated by more than an order of magnitude as the incubation temperature is raised from 20°C to 60°C and becomes completely abolished when BclXL is pre-heated to 80°C. It should be noted here that the stoichiometries for the binding of Bid_BH3 peptide to BclXL were fixed to unity during the fit of the ITC data at all temperatures to allow for the loss of an incompetent fraction of protein unable to bind ligand. However, when the stoichiometries were allowed to float, there was little or negligible change in the values of the binding constants or the underlying thermodynamic parameters as reported in Table 2 .
Interestingly, the loss of ligand binding with increasing incubation temperature correlates with both the loss of favorable enthalpic change and unfavorable entropy, implying that BclXL undergoes more "ordered" structure at elevated temperatures in agreement with its propensity to aggregate into amyloid-like fibrils. Collectively, our data suggest that BclXL loses the ability to recognize BH3 ligands upon aggregation and such behavior should also be expected to result in the loss of its anti-apoptotic function.
Aggregation promotes the insertion of BclXL into lipid bicelles
In light of the knowledge that the amyloid-like fibrils bear the potential to permeabilize cellular membranes and lipid bilayers [58] [59] [60] [61] [62] , we next wondered whether the fibrillar aggregates observed here under elevated temperatures may also represent a facilitated route for the entry of BclXL into MOM. To test this hypothesis, we analyzed the binding of BclXL pre-incubated at various temperatures ranging from 20°C to 80°C to mixed TOCL/DHPC bicelles using ITC ( Fig. 9 and Table 3 ). Remarkably, our analysis reveals that BclXL binds to TOCL/DHPC bicelles, used here as a model for MOM, only when pre-heated to temperatures of 40°C and above. Importantly, titration of BclXL aggregates into the calorimetric cell containing the buffer alone resulted in little or negligible change in thermal power (Fig. 9a-d) , implying that the observed heat change is not due to dissociation of BclXL aggregates but rather results from a direct and specific interaction between BclXL and bicelles. We interpret such BclXL-lipid interaction in terms of the insertion of BclXL into bicelles in light of the knowledge that BclXL not only contains a C-terminal TM domain that spontaneously inserts into synthetic membranes but it also localizes to MOM during the onset of apoptosis [35, [63] [64] [65] .
It should be noted that the stoichiometries for the binding of BclXL to TOCL/DHPC bicelles were typically around 0.001 at all temperatures. This implies that the binding of one molecule of BclXL requires about 1000 molecules of lipids and, in so doing, this gives rise to rather low protein-lipid stochiometries observed here. Notwithstanding these limitations, our data suggest that BclXL fibrils represent an on-pathway intermediate state primed for insertion into MOM with important consequences on cellular physiology. Could BclXL harbor functional duality in its ability to act as anti-apoptotic under one state (globular) and pro-apoptotic (fibrillar) under another? In this regard, it is interesting to note that caspase-induced N-terminal cleavage of BclXL within the cellular milieu renders it pro-apoptotic [66] [67] [68] . Thus, it is conceivable that the propensity of BclXL to aggregate into fibrils may represent an alternative mechanism to trigger its pro-apoptotic action.
Importantly, we also note that while the binding of BclXL pre-heated to temperatures of 37°C and above to TOCL/DHPC bicelles occurs with similar affinities, the underlying thermodynamics governing this membrane-protein interaction bear substantial differences. Thus, for example, while the favorable enthalpy change accompanying this membrane-protein interaction more than doubles in magnitude from an incubation temperature of 37°C to 80°C, exactly the opposite trend is observed in the case of unfavorable entropic contribution such that it compensates any net gain in the free energy and hence the binding affinity. This trend is due to the phenomenon of enthalpy-entropy compensation that widely governs the thermodynamic behavior of macromolecular interactions.
Aggregation results in the formation of highly-ordered rope-like homogeneous fibrils of BclXL
To understand the morphological and structural features of fibrillar aggregates of BclXL and how they may be modulated by ligand binding and membrane insertion, we conducted FM analysis on samples of BclXL pre-heated at various temperatures ranging from 20°C to 80°C and pre-stained with ThT (Fig. 10) . Our data show that while no observable fibrils are detected at lower temperatures (20°C and 40°C), BclXL The upper panels show raw ITC data expressed as change in thermal power with respect to time over the period of titration. In the lower panels, change in molar heat is expressed as a function of molar ratio of Bid_BH3 peptide to BclXL. The solid lines in the lower panels show non-linear least squares fit of data to a one-site binding model using the ORIGIN software as described earlier [16, 17] . forms highly-ordered rope-like homogeneous fibrils at higher temperatures (60°C and 80°C) with length in the order of mm and a diameter in the μm-range (Fig. 10a) . It should be noted that while electron microscopy analysis on BcXL revealed the formation of small nonfibrillar aggregates at lower temperatures (20°C and 40°C) in agreement with our ALS analysis (Fig. 3) , the rather large fibrils observed at higher temperatures (60°C and 80°C) were better suited for FM analysis. Importantly, amyloid-like fibrils hitherto reported for other proteins typically tend to be less than μm in length and nm in diameter [69] [70] [71] [37] [38] [39] [40] 72] . The fact that BclXL fibrils observed here under elevated temperatures are three orders of magnitude larger in size than anything ever reported before is highly surprising and of particular significance. Interestingly, while the rope-like morphological features of BclXL fibrils under elevated temperatures were by and large unaffected in the presence of Bid_BH3 peptide (Fig. 10b) , the addition of mixed TOCL/DHPC bicelles apparently abolished their formation (Fig. 10c) . Of particular note here is the observation that while the lack of ability of Bid_BH3 peptide to halt the formation of BclXL fibrils is consistent with our far-UV CD data (Fig. 5a) , the apparent loss of fibrillar architecture upon interaction of BclXL with TOCL/DHPC bicelles is highly surprising (Fig. 5b) . In order to reconcile the discrepancy between our FM and CD data, we reason that while the insertion of BclXL fibrils into TOCL/DHPC bicelles appears to be coupled with its α-β structural transition as observed in our far-UV CD (Fig. 5b) , the resulting β-sheet structure within mixed bicelles is unlikely to bear the hallmarks of a fibrillar architecture in agreement with our FM analysis (Fig. 10c) .
Taken together, these data demonstrate that while BH3 ligands may not affect its ability to form fibrillar aggregates, the insertion of BclXL into MOM likely is highly preferred over its ability to undergo fibrillation. This salient observation further corroborates the notion that the BclXL fibrils may serve as an on-pathway intermediate for membrane insertion.
Conclusions
Although the central role of Bcl2 proteins in orchestrating apoptosis has been known for more than two decades [73] [74] [75] [76] [77] , the underlying mechanisms remain far from understood. Previous studies have shown that truncated constructs of BclXL apoptotic repressor display the propensity to homodimerize in solution [78, 66, 79] . These observations are further supported by studies conducted within live mammalian cells [80, 81] . More recently, a truncated construct of BclXL lacking the C-terminal TM domain, was shown to form amyloid-like fibrils under elevated temperatures [18] . However, biophysical work from our laboratory on purified recombinant full-length BclXL to apparent homogeneity is beginning to provide new insights into the role of C-terminal TM domain in driving the aggregation of this key apoptotic repressor into higher-order oligomers [16, 17] . In a continuing theme, we have examined here the effect of temperature on the propensity of full-length BclXL to undergo such oligomerization.
The conventional wisdom in molecular biophysics is that heating proteins results in their irreversible and amorphous aggregation due to the loss of intramolecular forces such as hydrogen bonding, ion pairing and van der Waals contacts required for the integrity of native fold. In this study, we have demonstrated that the BclXL apoptotic repressor undergoes transformation to another "ordered" secondary structure characteristic of amyloid-like fibrils instead of amorphous aggregation when subjected to elevated temperatures. Amyloid fibrils typically display a characteristic cross-β sheet structure, which is essentially comprised of an array of β-sheets running perpendicularly along the fibril axis [69] [70] [71] [72] . It is important to note that a wide range of The solid lines in the lower panels show non-linear least squares fit of data to a one-site binding model using the ORIGIN software as described earlier [16, 17] . proteins are known to aggregate under environmental stresses such as acidic pH and elevated temperatures into amyloid fibrils [37] [38] [39] [40] . In particular, the deposition of amyloid-like fibrils is believed to play a central role in the pathogenesis of many diseases such as α-synuclein in Parkinson's disease, tau protein in Alzheimer's disease, prion in bovine spongiform encephalopathy, and huntingtin in Huntington's disease [82] [83] [84] [85] . Strikingly, while amyloid fibrils implicated in such diseases typically tend to be μm in length, the ability of BclXL to form elongated fibrils up to mm in length is highly surprising. Interestingly, the structure-inducing osmolyte TMAO has been previously shown to induce the formation of rope-like tropoelastin fibrils comparable in size to those observed here for BclXL [86] . Whether TMAO may exert a similar effect on BclXL under ambient temperature remains to be seen. It is telling that a truncated construct of BclXL devoid of the C-terminal TM domain has also been shown to form amyloid-like fibrils, albeit much smaller than those observed here, under elevated temperatures [18] . This suggests that while TM domain likely facilitates the aggregation of BclXL into amyloid-like fibrils, other regions also harbor intrinsic aggregation propensity in agreement with our in silico analysis presented here. While our study does not demonstrate the physiological relevance of the ability of BclXL to aggregate into fibrils, the fact that such fibrils appear to be primed for insertion into cardiolipin bicelles provides an interesting scenario. Thus, under cellular stress mimicking elevated temperatures, the BclXL fibrillar aggregates may insert into MOM resulting in the formation of mitochondrial pores, thereby leading to the release of apoptogenic factors from mitochondria into the cytosol and triggering the induction of apoptosis in a manner akin to Bax and Bak effectors [9, 10] . Alternatively, the formation of rope-like fibrils under cellular stress may enable BclXL to physically damage the intracellular membranes and/or interfere with the ability of actin cytoskeleton to orchestrate cellular signaling involved in a diverse array for processes central to the maintenance of a healthy environment.
Could BclXL have a functional duality in that it may antagonize apoptotic machinery in quiescent healthy cells but drive apoptosis under cellular stress? This notion gains further momentum in light of the fact that amyloid-like fibrils share the ability to permeabilize cellular membranes and lipid bilayers, implying that this may represent the primary toxic mechanism of amyloid pathogenesis [58] [59] [60] [61] [62] . More importantly, lysozyme fibrils have been shown to induce apoptotic cell death by virtue of their ability to induce membrane damage [87] . Finally, caspase-induced cleavage of α1-α2 loop of BclXL within mammalian cells has been shown to convert BclXL from being a pro-survival to pro-apoptotic factor [88] . Thus, the daring possibility that BclXL fibrils may also promote apoptosis warrants further inquiry in vivo. While this work is beyond the scope of our current study, it is set to take center stage in our future efforts directed at unraveling the mysteries of this key apoptotic player.
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